I n co n tin u atio n of earlier w ork on th e co rrelation of infra-red ab so rp tio n sp ectra of m a tte r in different states of aggregation, th e v ib ratio n al sp ectra of a n u m b er of substances h av e been m easured in th e solid a n d liquid states. These included paraffins, aro m atic hy d ro carb o n s a n d th eir sim ple derivations. T he alte ra tio n s in sp ectru m w hich occur on m elting are com plex, an d few generalizations can be m ade. A tte m p ts h av e been m ade to consider th e m in term s o f th e assignm ent of v ib ratio n b an d s to certa in atom ic groupings, b u t it seems p robable th a t before th e results can be satisfacto rily un d ersto o d it will be necessary to know m ore a b o u t th e in tern al stru ctu re of th e solid substances.
Infra-red spectra and state of aggregation. II
B y R. E. R ic h a r d s a n d H. W. T h o m p s o n , F.R.S. Introduction
Several workers have exam ined how the rotational fine structure of infra-red vibration bands in simple molecules is affected by change of state. While these m easurem ents have not yet led to much definite knowledge about molecular rotation in liquids and solids, the general consequences of pressure broadening and interm olecular collisions are understandable in principle.
In the course of measurements over several years on th e infra-red absorption spectra of m any complex substances, we have frequently noticed th a t sharp differences may occur in the positions and relative intensity of the vibration bands of a given compound according as it is measured as solid, liquid or vapour. This applies not only to simpler molecules, b u t also to polymers and other compounds of high molecular weight. Such alterations are not confined to modifications of band contour induced by changes of tem perature or pressure, b u t arise from other causes. The passage from liquid to solid may involve a change in the potentialenergy function associated w ith molecular vibration, causing alteration in th e magnitudes of the vibration frequencies. Further, the alteration in molecular sym m etry and the ordered arrangem ent w ithin the whole structure may lead to changes in the selection rules and principles governing the intensities of vibration bands. F urther detailed exam ination m ay therefore lead to a b etter understanding of intermolecular forces and the structure of the condensed phases. I t is im portant also, however, in connexion w ith the empirical use of vibrational spectra for structural diagnosis in chemistry, where the constancy of the vibrational frequency of an atomic grouping m ay be applied as a characteristic for its identification, since it is often necessary to apply such correlation rules obtained from m easurements on simple molecules in one phase to other more complex molecules measured in another.
W ith polar molecules, shifts in the position of vibration bands w ith change of state of aggregation are often to be expected, owing either to the formation or breakage of hydrogen bridges or to dipolar association ( [ 1 i 1 Hartwell, Richards & Thompson 1948) . W ith essentially non-polar molecules, however, such effects do not arise, b ut m arked spectral changes were noticed w ith some of these substances as already reported (Thompson 1946) . I t was therefore decided to make a more exhaustive survey, using in the first instance non-polar hydrocarbons and their simpler derivatives and comparing the spectra in the liquid and solid states. Another aspect of odr work on the general problem of correlating vibrational spectrum w ith structure in solids, namely, the use of polarized infra-red radiation, has been described elsewhere (Mann & Thompson 1948) . Recently, Halford and his collaborators have compared the spectra of benzene and cyclo-hexane in different states, and have set up a system of selection rules applicable in the solid phase for different crystallographic forms (Halford and co-workers 1946, 1947) . We feel th a t the underlying principles are even more com plicated than these authors suggest, as will appear from our own results. Indeed, in order to interpret their results w ith benzene" and cyclo-hexane in term s of the general principles and selection rules laid down by Halford, a num ber of additional hypotheses were necessary. Other infra-red measurements w ith several hydro carbons have been described by Avery & Ellis (1942) . Similar measurements on the Ram an spectra of a series of substances were made by Nielsen & W ard (1942) . Theoretical questions about the nature and effect of intermolecular forces have been discussed by Breit & Salant (1930) , by Cremer & Polanyi (1931) , by Buchheim (1935) and others.
R. E. Richards and H. W. Thompson Experimental methods
The spectra were measured on single-beam and double-beam recording spectro meters using prisms of rock-salt, fluorite and quartz, over the range 2 to 15 Most of the hydrocarbons used were from a collection of specially purified compounds previously assembled for spectroscopic work under the auspices of the H ydro carbon Research Group of the In stitu te of Petroleum. All th e other compounds were purified by repeated recrystallization or other appropriate methods, and the absence of spurious absorption bands was used as a guide to purity.
Two absorption cells were used. One (figure 1 a) was used for substances melting above room tem perature up to about 2. 00° 0 , the solid being melted between a pair of spaced rock-salt plates P by means of a nichrome wire heating coil surrounded by asbestos and placed on the side of th e cell away from the spectrom eter slit. Thermocouples T placed a t the top and bottom of opposite faces of the cell were used to measure the mean tem perature of the sample. Spectra were measured a t tem peratures just above the melting-point. I t seemed possible a t first th a t a characteristic emission spectrum of the sample m ight be superposed on the absorption, and thus lead to some of the peculiar results found. Measurements showed, however, th a t a t the tem peratures used, such emission was too feeble to be significant.
In order to ensure th a t the substance had undergone no decomposition or alteration after heating, it was usual to measure first the spectrum of the solid, then th a t of the liquid, and finally th a t of the substance after resolidification.
A t low tem peratures, nam ely, below -80° C, th e cell shown in figure 16 was used. The glass vessel had a rock-salt window W , side arm S, and tu b u lar bottom on th e flat end of which a polished disk of stainless steel D was placed. The liquid under exam ination was placed in S and frozen by a liquid air-bath, th e whole vessel th en being evacuated and closed by a tap . The sample was then allowed to warm up, and by surrounding th e tu b u lar base w ith a suitable cooling bath, a th in solid layer could be caused to form on th e m etal disk. The thickness of this layer could be regulated by the volume of substance first placed in th e side arm . The beam of radiation was then directed into, and out of, th e vessel by a pair of alum inium m irrors M as shown.
Infra-red spectra and state of aggregation. I I W ith films of liquids the effective slit widths using th e prism of rock-salt were about 10 cm .-1 a t 6 / iand 4 cm .-1 a t l2/i, and w ith the fluorite prism about 5 a t 6 /i.W ith quartz they were about 10 cm .-1 near 3 W ith solid films it was some tim es necessary to use rath er wider slits, so th a t the resolving power in the two cases is not strictly comparable. This does not, however, affect significantly the m ain results. Indeed, some of the effects found are such th a t if exactly equal slit .widths had been used, im portant features would have been more accentuated. I t was also impossible to use exactly equal thicknesses of th e solid and liquid form, b u t this does not affect the general conclusions reached.
R esults
The spectra are shown in figures 2 and 3, L and S denoting liquid and solid respectively. Inspection shows a t once th a t w ith some of the substances only small changes occur on melting, b u t w ith others there are very m arked differences between the spectra in the two states. The differences seem to be of several kinds, namely, ^1) some bands retaining the same position b u t changing in intensity relative to other bands, (2) some bands shifting by a small am ount, say 5 to (11) Diphenyl acetylene. 800 1000 1200 1400 1600 cni1 2800 3000 10 cm.-1, with change of state, (3) some broad bands in the liquid state splitting up with the solid into several sharp components, and (4) apparently new bands appearing in one state which were absent in th e other. The positions of the bands (cm.-1) are given in table 1, and the relative intensities are shown in the figures. Some of the significant points are summarized for the individual compounds as follows:
n -Hexacosane.The bands are sharper w ith the solid, and more num erous th an w ith the liquid, even allowing for the broad nature of some of the bands in .the latter case. There are changes of relative intensity, for example, in the bands near 890 and 1080 cm.-1. There are peculiar differences in the bands between 1300 and 1500 cm.-1 which are connected w ith deformational vibrations of CH2 and CHS groups.
3-Ethyl tetracosane. Differences between the spectra of the liquid and solid are very marked, m any new sharp bands appearing in the solid state. I t is possible th a t in m any cases these arise by splitting of broad bands of the liquid, b u t this does not always apply. Again there are peculiar differences in the region of th e CH2 and CH3 group deformation.
p-tert.-Butylbenzene. There are com paratively few differences except th a t th e solid shows several sharp bands near 930 cm. Hexaethyl benzene. There are only minor changes, except in the relative intensity of the bands near 1450 cm.-1.
Diphenyl. Rem arkable differences occur between the spectra of the liquid and solid, new bands appearing in both phases, and m any changes in th e relative intensities of bands being found. Bands a t 780 and 1008 cm .-1 appear enhanced in the liquid, while those a t 904, 1091, 1109 and 1351 cm .-1 are stronger w ith the solid. The variation of intensity of the bands near 1435, 1485 and 1600 cm .-1 in the two phases is marked.
Dibenzyl. Some small displacements and changes of intensity occur, b u t the differences are far less m arked th an w ith diphenyl.
2.3 -Diphenylbutane (meso). There are a few changes of relative intensity and position of bands, b u t these are com paratively small.
Stilbene, C6H 5.CH = C H .C 6H 5. The results are closely similar to those w ith 2 . 3-diphenyl butane.
Diphenyl acetylene, C6H 5.C = C.C6H 5. There are small shifts of frequency and changes of relative intensity b u t no m arked effects. 736  736  1090  1095  1380  1378  2875  2873  830  829  1230  1229  1425  1430  2905  2905  975  974  1248  1243  1457  1457  2935  2934  1025  1020  1317  1316  1470  1470  2970  2968  1056  1057  -1373  1493 1495 (7) Acenaphthene, C6H 4. CH2. CH2. C6H 4. There are m arked changes between 800 and 1300 cm .-1.
Triphenyl methane. Many small shifts occur, b u t there are no m arked effects. 1.1-Dibenzyl u n d e c a n e , (C6H 5.C H 2)2CH(CH2)9CH3. The changes are small, somewhat similar to those found w ith hexacosane.
p-Dimethoxy-benzene.Bands occur in each phase which are absent in th e other, b u t the changes as a whole are few. Some peculiarities occur in the region of 1450 cm.-1.
p-Dichloro-benzene. There are noticeably more bands w ith the solid th an w ith the liquid. This m ay be p artly due to the fact th a t the solid film was thicker th an th a t of the liquid, but in this event there would be even greater contrast in the regions 1012 and 1090 cm. p-Bromo-NN-dimethylaniline. There is a striking parallelism w ith the previous compound.
p-1odo-toluene. There are few positional changes, b u t some m arked changes of relative intensity between 1000 and 1150 cm .-1 and a t 1500 cm.-1.
Discussion
The above results show th a t the factors underlying the alteration of spectrum of a solid upon melting are complex, and cannot im m ediately be disentangled. No general principles are apparent, although a few points are suggested by individual cases. As a rule, the bands of the solid are sharper, and m any broad bands found w ith the liquid split into two or more components upon solidification. In most cases, though not always, there are more bands with the solid than with the liquid. The small shifts in position (frequency) of certain individual bands in the different states of aggregation are not all in the same direction, even within the spectrum of a given substance.
The broad nature of some of the bands with liquids may arise from the influence of intermolecular collisions, two or more close bands thus being broadened and caused to overlap. This might be expected to be more im portant with the longchain paraffins th an with more rigid substances such as the alkyl-substituted benzenes, and the facts would agree with this.
The effect of change of state upon the relative intensities of some of the bands m ust arise from changes in the force fields surrounding groups, brought about by alterations in the molecular packing and environm ent, and such changes of intensity will obviously differ in degree in the different cases according to the specific method of packing. U nfortunately, little is known about the internal molecular arrangem ent in the substances examined, and it is clear th a t a more systematic correlation of crystal structure with spectral changes is required. I t would be directly useful if it were possible to correlate for a num ber of mole cules the changes found in the positions or intensity of bands which are known to be connected w ith vibrational modes of particular groups such as the arom atic ring, the chain -(CH2)4-, (CH2) or (CH3) groups. Here too, however, no regularities are apparent. In some cases, bands near 1375 and 1460 cm .-1 associated w ith deformational modes of CH2 and CH3 groups split in one state of aggregation, and there are less certain changes in the C-H stretching vibrations near 3000 cm.-1. There are also signs th a t in th e solid state other deform ational vibrations, of the phenyl group, are split, b u t no generalization can be made.
To sum up, therefore, while these measurements show in a prelim inary way th a t spectral changes occur on m elting which can in some cases be considerable, further more detailed measurements will be required before they can be interpreted satisfactorily, and some knowledge of the crystal structure m ay first be needed.
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